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Abstract— A reliable assessment of above ground forest biomass spatial distribution is needed for 
various applications ranging from carbon and bioenergy policies to sustainable forest management. 
Remotely sensed images have become one of the primary sources for rapidly assessing the above ground 
biomass (AGB) from local to global scales. Among various remote sensing techniques, Radar remote 
sensing has shown promising results for forest ecosystem studies due to its unique sensitivity towards 
dielectric, geometrical and structural properties of vegetation cover. In this study, we have investigated 
the use of multi-frequency multi-polarized synthetic aperture radar (SAR) data from different sensors 
i.e., ALOS-2/PALSAR-2 and Sentinel-1/SAR for AGB estimation. Field inventory data from about 53 
plots of 1 ha size each, collected from Nongkhyllem wildlife sanctuary and reserve forest located in the 
state of Meghalaya, India have been utilized for analysis. As anticipated from previous studies, the L-
band backscatter has shown higher sensitivity towards AGB than C-band. Moreover, cross polarization 
has shown higher sensitivity towards AGB than like polarization. An attempt has been made of utilizing 
the multi-polarized backscatter for AGB retrieval using Support Vector Machine (SVM). An attempt has 
also been made to train and validate the SVM using C-band VH backscatter and L-band HV backscatter 
for AGB estimation. This model observed R and RMSE of 0.96 and 21.30 ton/ha respectively. The study 
results indicate that the multi-frequency cross polarized backscatter can significantly improve the AGB 
retrieval accuracy than single-band multi-polarized backscatter. 
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I. INTRODUCTION 

Forests  provide  variety  of  ecosystem  services  which  are  of  great  importance  to  mankind. Forests are 
an important natural ‘break’ on climate change because they sequester and store more carbon than any other 
terrestrial ecosystem (www.fsi.nic.in). Forests play a crucial role in the global carbon cycle and climate change 
as there occurs about 80% of the plant biomass in forests ecosystems [1]-[3]. Amount of carbon dioxide that can 
be removed from the atmosphere by afforestation or reforestation can be calculated by biomass density 
estimates. To understand response to climate change and to estimate carbon pools, the accurate estimation of 
forest biomass is imperative [4]-[6]. Forest biomass includes both aboveground biomass (AGB) and 
belowground biomass. Among several available methods for AGB estimation, field based measurements are 
more accurate but this method is not feasible for large area monitoring due to its labour intensive and time 
consuming nature. Remote sensing has become an important tool for estimating and monitoring forest biomass 
over large areas. There  are  different  types  of  data,  such  as  optical,  radar  and  LiDAR,  with  each  one  
having  certain  advantages  over  the others. 

The ability of Synthetic Aperture Radar (SAR) to penetrate vegetation canopy up to a certain depth, it’s all 
weather capability and sensitivity to vegetation structure and water content have made it a promising and widely 
used technique for AGB estimation. Backscatter values and Interferometry technique are used for biomass 
estimation, of which regression technique based on backscattering amplitudes is commonly used in AGB 
estimation [7]-[10]. The wavelength (X, C, L, P), polarization (HH, VV, HV, VH), incidence angle, land cover, 
and terrain properties (e.g.  roughness  and  dielectric  constant)  are  important  factors  influencing  the 
backscattering  coefficient  of  land  cover  surfaces [11], [12]. In a tropical forest, AGB estimation can be 
limited to the lower saturation level at as low as 30 ton haˉ¹ at C-band, 50 ton haˉ¹ at L-band and 150-200 ton 
haˉ¹ at P-band [13]. SAR backscatter has a reasonable relationship with the forest stand parameters e.g., DBH, 
Height, basal area, age, timber volume, biomass and carbon stock [14], [15]. In  rugged  or  mountainous regions, 
topographic  factors  such  as  slope  and  aspect  can  considerably  affect  vegetation reflectance, resulting in 
spurious relationships between AGB and backscattering values.  Complex terrain leads to varying backscatter 
mechanisms which can modify relationship between AGB and SAR backscatter, thus terrain variables need to 
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be incorporated into AGB estimation studies using SAR data [16]. Sun et al. [17] found that multi-polarization 
L-band SAR data were useful for AGB estimation of forest stands in mountainous areas. The depth of 
penetration of SAR signal into vegetation canopy depends on frequency of the signal at a particular incidence 
angle [18]. Longer wavelengths with cross-polarised data yield better results than shorter wavelengths with co-
polarised data with respect to vegetation biophysical parameters retrieval as the incoming signal gets 
depolarised during multiple scattering inside the vegetation volume [18]-[20]. Saturation which is a limitation of 
using SAR data depends on polarizations, wavelength, vegetation and ground characteristics [9], [14], [16]. 
However, saturation problem can be reduced by taking ratio of polarisation and/or wavelengths which also 
increases correlation between AGB and backscatter [21]. 

Previous studies have also made an attempt for AGB estimation using multi-frequency backscatter. Englhart 
et al., [22] has observed that the multi-temporal L- and X-band backscatter combined model can significantly 
improve the accuracy than using single frequency. Several researchers have also analysed the integrated use of 
SAR and optical datasets for AGB retrieval. For example, Deng et al., [23] has estimated AGB by combining 
ALOS PALSAR and WorldView-2 data. Laurin et al., [24] investigated the performance of AGB estimation by 
using SAR multi-frequency data as well as joint SAR and optical data. It was observed that the both models 
provide similar accuracy. However, AGB estimates based on multi-frequency SAR data were more conservative 
than those based on joint SAR and optical data. Because of the complex relationship of microwave frequencies 
backscatter with vegetation components properties, it is still a challenging task to retrieve AGB.  

In this study, we investigated the potential of multi-frequency multi-polarized (L-band HH, HV and C-band 
VV,VH) Advanced Land Observing Satellite/Phased array L-band synthetic aperture radar (ALOS-2 / 
PALSAR-2) and Sentinel-1 C-band SAR data for above ground forest biomass estimation over Nongkhyllem 
Reserve Forest and Wildlife Sanctuary, Meghalaya, India. The integration of PALSAR-2 and widely available 
Sentinel-1 SAR data and their respective polarizations were investigated in order to develop a model to improve 
AGB estimation. Support Vector Machine (SVM) technique was used to retrieve AGB using L- band multi-
polarized and C-band multi-polarized data. SVM model parameters such as penalty coefficient C (indicates the 
trade-off between the tolerated training error and the model complexity), ε-insensitive loss and kernel parameter 
γ were optimised for each case on trial and error basis. SVR calculates the difference between the estimated and 
the actual values, the regression function is considered to be most desirable and accurate if the error is less than 
the ε (tolerated training error i.e., ε-insensitive loss) [25]. Several previous studies have observed better 
accuracies with SVM and Random Forest than other machine learning methods like Neural Network [26]. 

II. MATERIALS AND METHODS 

A. Study Area 

The study area covers “Nongkhyllem Wildlife Sanctuary and Reserve Forest” situated in the state of 
Meghalaya, India (Fig.1). The Nongkhyllem area has a tropical monsoon climate with temperature between 6°C 
to 32°C. The annual rainfall ranges between 2000-3000 mm in the region. Slope ranges from 0 to 49.85 deg. and 
the elevation varies from 200 to 950 meters in the study area. Complex terrain causes change in backscattering 
mechanism and terrain slope induces changes in incidence angle [17], [27]. Thus topographic characteristics 
should be included to refine AGB retrieval using SAR data in hilly areas. Keeping this in consideration field 
data and subsequent backscatter signature was taken from terrain slope less than 15 deg. of the study area. The  
important  tree species are  Schima  wallichi  (8.26%),  Shorea  robusta  (5.37%),  Tectona grandis  (4.82%),  
Sterculia villosa (4.36%),  Castanopsis spp. (4.11%),  Bauhenia spp.  (4.00%), Tetramales nudiflora  (3.85%),  
Artocarpus loocha  (3.70%),  Albizzia procera  (3.53%),  Michelia champaca  (3.46%),  Callicarpa arborea  
(3.42%)  and  Miscellaneous spp.  (51.12%) (Forest and Environment Department, Govt. of Meghalaya). 

B. Datasets and Processing 

In this study, The European Space Agency (ESA) Sentinel-1 C-band SAR data was acquired in 
interferometric wide swath mode on 15 November 2014 with 5 × 20 m (Range × Azimuth) spatial resolution, 
incidence angle between 30.76 to 46.27 deg and polarisation of VH and VV along with the Japan Aerospace 
Exploration Agency (JAXA) L-band ALOS-2/PALSAR-2 acquired in fine beam mode on 14 November 2014 
with 9.1 × 5.3 m (Range × Azimuth) spatial resolution, incidence angle between 36.2 to 42.53 deg. and 
polarisation of HH and HV. 

The field data acquired from Meghalaya Forest and Environment Department contains diameter at breast 
height (dbh) from 53 plots of 1 ha. The tree volume derived from species specific volumetric equations was 
converted into dry biomass by using species wise specific gravity as the product of specific gravity and volume 
(m3) [28], [29].  The sampled plot size and sample size are sufficient for target parameter retrieval from fine 
beam mode ALOS-2 PALSAR-2 data as well as interferometric wide swath mode Sentinel-1 SAR data [30]. 
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Fig. 1. Study area of Nongkhyllem wildlife sanctuary and reserve forest, Meghalaya, India. 

SAR datasets from both Sentinel-1 and PALSAR-2 were calibrated using Sentinel Application Platform 
(SNAP) toolbox provided by ESA to generate backscattering coefficients and were resampled to 10 m pixel 
spacing. Refined Lee filter was applied for speckle noise reduction. Terrain correction in mountainous region is 
necessary to compensate for influence of ground topography on backscattering coefficients [27].  Range 
Doppler Terrain Correction method available in SNAP toolbox using SRTM DEM of 1sec was employed for 
terrain corrections. Backscatter coefficient (sigma nought, in dB) values for each ground truth location were 
extracted from both the scenes of PALSAR-2 and Sentinel-1. The extracted backscatter signatures of C-band 
VH, VV polarisations and L-band HV, HH polarisations were correlated with AGB individually. Also SVM 
technique was used to obtain the relation between AGB and SAR backscatter from single frequency multi-
polarization i.e., VV and VH (C-band), HH and HV (L-band) along with HV and VH of L-band and C-band 
respectively. 

III. RESULTS AND DISCUSSION 

A. Regression Analysis 

The total 53 sampled plots used in this study were divided into two independent sets with sample size of 42 
and 11 for model development and validation respectively. Regression analysis was performed between AGB 
and backscattering coefficients of L-band HH and HV polarizations as well as C-band VV and VH polarizations 
separately. As anticipated from previous studies, the analysis observed that the logarithmic relationship is best 
fitted for backscattering coefficients with AGB as given in Equation (1) [22], [31]. The scatter plots of 
backscattering coefficients and in-situ AGB for L-band and C-band are given in Fig. 2 and Fig. 3 respectively.  

bAGBadB  )ln()(            (1) 

Where σ° (dB) = backscattering coefficient in decibel; AGB = aboveground biomass in ton/ha and a, b = 
coefficients. 
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Fig. 2. Scatter plots of L-band HH and HV backscatter with AGB 

 
Fig. 3. Scatter plots of C-band VV and VH backscatter with AGB 

The results obtained reveal that ALOS-2/PALSAR-2 backscatter is more sensitive than Sentinel-1 SAR 
backscatter due to the higher saturation levels of longer wavelengths. The regression analysis observed the ‘R’ 
value of 0.33 and 0.48 for L-band HH and HV backscatter respectively; whereas 0.3 and 0.35 for C-band VV 
and VH backscatter respectively. It is also observed that increase in ‘R’ and decrease in RMSE using cross 
polarization than co-polarisation of 0.15 and 8.51 ton/ha respectively for L-band; whereas 0.05 and 5.98  ton/ha 
respectively for C-band. This confirms that the cross polarisation is more suitable for vegetation biophysical 
parameters retrieval than co-polarisation [18], [19]. 

B. Multi-polarized single frequency models 

The analysis was further continued by training and validating the SVM using multi-polarized SAR data for 
both L-band and C-band. Previous studies have observed that the use of multi-polarized SAR data can 
significantly improve the vegetation biophysical parameters [31] and soil moisture [32] retrieval accuracy. In 
this study SVM, a machine learning technique, has been trained and validated for AGB retrieval. By properly 
examining the correlation and error, the SVM model parameters C, ε and γ (radial bias function kernel 
parameter) have been set to optimal values for each case separately. The results observed ‘R’ and RMSE of 0.89 
and 33.51 ton/ha respectively for C-band; whereas the 0.92 and 25.8 ton/ha respectively for L-band. It was 
identified that the multi-polarized SAR data can improve the forest AGB estimation than single polarized SAR 
data. It is also observed that the multi-polarized L-band data can provide better AGB retrieval accuracy than 
multi-polarized C-band data.  

C. Multi-frequency cross-polarized model 

In the next step, an attempt was also made to train and validate SVM using multi-frequency cross-polarized 
SAR data for AGB retrieval. This study results depict that the ‘R’ and RMSE of 0.96 and 21.3 ton/ha 
respectively. It is also observed that the use of combined L-band and C-band cross polarized SAR data can 
improve AGB retrieval accuracy by increasing ‘R’ and decreasing RMSE of 0.04 and 4.5 ton/ha respectively 
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than multi-polarized L-band; whereas 0.07 and 12.21 ton/ha respectively than multi-polarized C-band. This 
indicates that the combined use of L- and C-band cross polarization backscatter can compensate the errors of L-
band at lower biomass areas and errors of C-band at higher biomass areas. The detailed study results for model 
development and validation are given in Table 1. These analyses suggest multi-frequency cross polarized SAR 
data for forest AGB retrieval accuracy than single frequency multi-polarized SAR data. 

Table 1. Results of the model development and validation of regression analysis as well as SVM based models 

Method Backscatter used 
Model Development Model Validation 

R # RMSE (ton/ha) # 

R
eg

re
ss

io
n 

A
na

ly
si

s 

L-band HH 0.33 42 55.23 11 

L-band HV 0.48 42 46.72 11 

C-band VV 0.3 42 59.09 11 

C-band VH 0.35 42 53.11 11 

S
V

M
 

ba
se

d 
m

od
el

s 

L-band HH and HV 0.92 42 25.8 11 

C-band VV and VH 0.89 42 33.51 11 

L-band HV and C-band VH 0.96 42 21.3 11 

 # represents the number of samples. 

IV. CONCLUSION 

This research was aimed to assess the potential of multi-frequency multi-polarized SAR data for AGB 
retrieval. In this paper, the L-band and C-band ALOS-2/PALSAR-2 and Sentinel-1 SAR datasets have been 
used. The in-situ AGB sampled locations from terrain slope less than 15 deg. have been considered for better 
understanding the multi-frequency multi-polarized SAR data for AGB in the absence of terrain characteristics 
(degree of slope and aspect) influence. 

As anticipated from previous studies, the L-band and cross polarization backscatter have shown higher 
sensitivity towards AGB than C-band and co-polarization.  In this study, we have observed the correlation 
between L-band HH and AGB as well as HV backscatter and AGB with ‘R’ of 0.33 and 0.48 respectively. 
Whereas the C-band VV and VH backscatter have shown sensitivity towards AGB with ‘R’ of 0.30 and 0.35 
respectively. An attempt has been made of utilizing the multi-polarized backscatter for AGB retrieval using 
Support Vector Machine (SVM). The SVM based model using C-band VV and VH backscatter observed ‘R’ 
and RMSE of 0.89 and 33.51 ton/ha respectively. Whereas, the SVM based model using L-band HH and HV 
backscatter observed ‘R’ and RMSE of 0.92 and 25.80 ton/ha respectively. This indicates that the use of multi-
polarization backscatter can significantly increase AGB retrieval accuracy rather than using single polarized 
SAR data. An attempt was also made to train and validate the SVM using C-band VH backscatter and L-band 
HV backscatter for AGB estimation. This model observed R and RMSE of 0.96 and 21.30 ton/ha respectively. 
The study results indicate that the multi-frequency cross polarized backscatter can significantly improve the 
AGB retrieval accuracy than single-band multi-polarized backscatter. 

However this study has shown the importance of multi-frequency cross polarization SAR data for AGB 
estimation, the SVM model is developed and validated in the absence of terrain effects. There is a need in 
developing a more robust and precise AGB retrieval model in particular for North East India, where terrain is 
highly undulated. So, this work can be further continued with more number of sample data by considering 
terrain characteristics along with multi-frequency cross polarized SAR data. 
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